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Compounds Relevant for 
Climate Change (IPCC 2001) 
Intergovernmental Panel on Climate Change (IPCC) (2001). Climate Change 2001: 
the Scientific Basis. Cambridge University Press (New York, NY). 
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What is Albedo? 
Albedo (Latin) = Whiteness 
 
Albedo is the fraction of incident optical 
power that is scattered or reflected by an 
object or a surface 
 
0(totally black) ≤ Albedo ≤ 1(totally white) 
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What Determines the Temperature of the Earth? 
0-dimensional Analysis: Štefan-Boltzmann Law 
σ is the Štefan-Boltzmann constant   
S is the solar irradiance  (≈ 1366 W/m2) 
α is the planetary albedo (≈ 0.29 due to aerosols, clouds, surface) 









Climate Sensitivity (CS) 
Two Definitions of Climate Change Sensitivity (CS): 
1.How much does T change per change in Ein or Eout 
CS1 = ΔT/ΔEin  
Units of CS1 = K/(W/m
2) 
 
2.How much does T change for doubling of CO2  
(i.e., 3.7 W/m2)  
CS2 = 3.7 W/m
2 ΔT/ΔEin 
Units of CS2 = K 
 
Energy Balance: Ein=Eout 
How much is the temperature going to change? 
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Climate Sensitivity (CS) 
Energy Balance: Ein=Eout 
How much is the temperature going to change? 
Why do climate scientists  
get paid the big bucks? 
Climate Feedbacks Missing 
from Štefan-Boltzmann 






























Schwartz, S. E. (2007). Heat Capacity, Time Constant, and Sensitivity of Earth's Climate 
System. J. Geophys. Res., 112, doi:10.1029/2007JD008746. 
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Why Do We Care About Albedo (1)? 
Scales: 
1. Planetary (0-dimensional) 
(SURFACE+CLOUDS+ATMOSPHERE) 
The earth’s current planetary albedo 
is 0.29. 
A change of 0.01 corresponds to a 
change in global energy balance of 
3.4 W/m2 similar in impact to doubling 
the atmospheric CO2 concentration. 
Wielicki, B. A., T. M. Wong, N. Loeb, P. Minnis, K. Priestley, and R. Kandel (2005). Changes in 
Earth's Albedo Measured by Satellite. Science, 308, 825-825.  
Ramanathan, V. (2008). Why is Earth's Albedo 29% and Was it Always 29%? ILEAPS, 5, 18-20. 
The earth’s mean temperature is driven by its mean albedo 
and emissivity 
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Why Do We Care About Albedo (2)? 
Scales: 
 2. Planetary (1-dimensional) 
Vonder Haar, T. H., and V. E. Suomi (1969). Satellite Observations of the Earth's Radiation 
Budget. Science, 163, 667-668.  
Vonder Haar, T. H., and V. E. Suomi (1971). Measurements of the Earth's Radiation Budget 
from Satellites during a Five-Year Period. Part I: Extended Time and Space Means. J. Atmos. 
Sci., 28, 305-314. 
Lewis, J. M., D. W. Martin, R. M. Rabin, and H. Moosmüller (2010). Suomi: Pragmatic Visionary.  
Bull. Amer. Meteor. Soc., 91, 559-577.   
This is the ultimate driving force for 
large-scale atmospheric and oceanic 
circulations (the earth as a heat 
engine) 
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How Do We Determine the Earth’s Albedo? 
1. Bean Counting 
local measurements of surface 
albedo, cloud cover, aerosols, etc. 
2. Satellite Measurements 
3. Earthshine 
Hunt, G. E., R. Kandel, and A. T. Mecherikunnel (1986). A History of Presatellite Investigations of 
the Earth's Radiation Budget. Reviews of Geophysics, 24, 351-356.  
House, F. B., A. Gruber, G. E. Hunt, and A. T. Mecherikunnel (1986). History of Satellite Missions 








Aerosol particles larger than 
about 1 micrometer in size are 
produced by windblown dust and 
sea salt from sea spray and 
bursting bubbles. Aerosols 
smaller than 1 micrometer are 
mostly formed by condensation 
processes such as conversion of 
sulfur dioxide (SO2) gas 
(released from coal-fired power 
plant and volcanic eruptions) to 
sulfate particles and by formation 
of soot and smoke during burning 
processes.  
http://earthobservatory.nasa.gov/Library/Aerosols/ 
Common Aerosol Types and Formation Mechanisms 
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• Aitken mode – 0.01-0.1 m 
• Accumulation mode – 0.1-1 m 
• Coarse mode - >1 m 
 
  and sometimes, the elusive 
•   nucleation mode <0.01 um 
The Aerosol Modes 
Common Aerosol Types and Sizes 
12 
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Importance of Aerosol Albedo (SSA) 
What do aerosols do?: 
 
1.Aerosols contribute to heating if they are darker than the scene below 
Heating: Single Scattering Albedo (SSA) < Surface Albedo 
2.Aerosols contribute to cooling if they are whiter than the scene below 




Reality is more complicated: Even a 1-d radiative transfer model needs to 




Low albedo (i.e., black) aerosols change planetary albedo while suspended and 
after deposition on high albedo snow and ice surface 
 
Chýlek, P., and J. Wong (1995). Effect of Absorbing Aerosol on 







s sca + s abs
; 0 £ SSA £1
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Aerosol Albedo (SSA) 
Depends on Complex Refractive Index, 
Size, and Morphology 
Moosmüller, H. and W. P. Arnott (2009).  Particle Optics in the Rayleigh Regime.  
J. Air & Waste Manage. Assoc., 59, 1028-1031.  
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How Aerosol Albedo Affects Climate Change  
MODIS images of smoke from 
Southern California wildfires 
(26-Oct.-2003) 
Saharan Dust Plume (February 26, 2000) 
(Courtesy SeaWiFS/Ocean Color Team) 
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What Parameters Are Needed for 
Aerosol Radiative Transfer? 
Absorption Coefficient: How much light is absorbed? 
  Local heating of the atmosphere! 
Scattering Coefficient: How much light is scattered? 
 But where does it go? 
Extinction Coefficient: Scattering + Absorption Coefficient 
Single Scattering Albedo: Whiteness (Scattering/Extinction) 
Phase Function: Direction of the scattered light  
Asymmetry Parameter: Parameterization of Phase Function 
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Where and When are These 
Parameters Needed? 
Aerosols are distributed very 
inhomogeneously in space 
and time 
Ultimate Goal: 





AVHRR-NOAA (Available 1981-2004) 
MODIS-Terra (Available 2000-present) 
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1. Calculation: Complex Refractive Index, Size 
Distribution, Morphology or IMPROVE Equation 
2. In Situ Measurement: Extinction, Scattering, 
Absorption 
3. Remote Sensing: Extinction, Scattering, 
Absorption (e.g., Sun & Sky Photometer [e.g., 
AERONET] or Satellite Remote Sensing [e.g., 
satellite mission]) 
Aerosol Optical Properties  
Moosmüller, H., R. K. Chakrabarty, and W. P. Arnott (2009).  Aerosol Light Absorption 
and its Measurement: A Review.  J. Quant. Spectrosc. Radiat. Transfer., 110, 844-878.  
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Measuring Aerosol Single 







s sca + s abs
; 0 £ SSA £1
σext = σsca + σabs 
Need to measure 2 of 3 quantities 
SSA close to 1 => Measure σabs and σsca or σext 
 
We measure σabs and σsca  




•Light is power modulated by a chopper.   
•Light absorbing aerosols convert light to heat - a sound 
wave is produced.  
•Microphone signal is a measure of the light absorption. 
•Light scattering aerosols don't generate heat. 
Three Wavelength Photoacoustic (Absorption) 
Instrument with Nephelometer (Scattering) Sensor 
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Recent Developments Regarding 
Photoacoustic Instruments at UNR/DRI 
1. Instrument Commercialized  
(Droplet Measurement Technologies) 
2. Integrated Scattering Sensor for Albedo 
3. Multiple Wavelengths in the Same Instrument 
4. Miniature Instrument for Emission 
Measurements 
5. Calibration with Oxygen A-Band  
6. Supercontinuum Photoacoustic in Development 
Abu-Rahmah, A., W. P. Arnott, and H. Moosmüller (2006). Integrating Nephelometer with a 
Low Truncation Angle and an Extended Calibration Scheme.  Meas. Sci. Tech., 17, 1723-1732. 
Lewis, K., W. P. Arnott, H.  Moosmüller, and C. E. Wold (2008).  Strong Spectral Variation of 
Biomass Smoke Light Absorption and Single Scattering Albedo Observed with a Novel Dual-
Wavelength Photoacoustic Instruments.  J. Geophys. Res., 113, doi:10.1029/2007JD009699. 
Tian, G., H. Moosmüller, and W. P. Arnott (2009). Simultaneous Photoacoustic Spectroscopy 
of Aerosol and Oxygen A-band Absorption for the Calibration of Aerosol Light Absorption 
Measurements. Aerosol Sci. Tech., 43, 1084-1090.  
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Biomass Burning Aerosol Emissions 
McMeeking, G. R., S. M. Kreidenweis, S. Baker, C. M. Carrico, J. C. Chow, J. L. Collett Jr., W. M. Hao, A. S. 
Holden, T. W. Kirchstetter, W. C. Malm, H. Moosmüller , A. P. Sullivan, and C. Wold (2009). Emissions of 
Trace Gases and Aerosols during the Open Combustion of Biomass in the Laboratory. J. Geophys. Res., 
114, doi:10.1029/2009JD011836. 
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Aerosols from Biomass Burning 
Incomplete Combustion of mostly C6H9O4 
Emissions of gases and Carbonaceous Particles 
Carbonaceous Particles consist mostly of Black Carbon 
(BC) and Organic Carbon (OC) 
Black Carbon (BC) is Black (Strong Absorption) 
Organic Carbon (OC) is: 
1)Classical View: No strong light absorption 
2)New Results: May contain Brown Carbon (BrC) 
with strong light absorption in the blue & UV 
Bond, T. and R. Bergstrom (2006). “Light Absorption by Carbonaceous 
Particles: An Investigative Review.” Aerosol Sci. Tech. 40, 1-41. 
Kirchstetter, T. W., T. Novakov, and P. V. Hobbs (2004). Evidence that the 
Spectral Dependence of Light Absorption by Aerosols is Affected by 
Organic Carbon. J. Geophys. Res., 109, DOI:10.1029/2004JD004999.  
25 
Global Emissions of BC/OC Aerosols 
Bond, T. C., D. G. Streets, et al. (2004). "A Technology-Based Global Inventory of Black 
and Organic Carbon Emissions from Combustion." Journal of Geophysical Research 
109(D14203): DOI:10.1029/2003JD003697.  
87% of carbonaceous aerosol mass emissions are from biomass burning 
86% of that mass are OC emissions from smoldering combustion 
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Black Carbon (BC) 
Wavelength independent imaginary part of the refractive 
index 
⇒ Absorption coefficient ∼ 1/wavelength  
 Absorption Ångström Coefficient (AAC) = 1 
BC is related to: 
1.Elemental carbon (EC): Thermally refractory; thermal-optical 
method 
2.Graphitic Carbon (GC): Graphitic lattice structure; Raman 
spectroscopy or x-ray diffraction 
3.Insoluble Carbon (IC): Insoluble in polar and non-polar solvents 
Moosmüller, H., R. K. Chakrabarty, and W. P. Arnott (2009).  Aerosol Light Absorption 
and its Measurement: A Review.  J. Quant. Spectrosc. Radiat. Transfer.  
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Brown Carbon (BrC) 
Wavelength dependent imaginary part of the refractive index 
increases towards shorter wavelengths 
⇒ Absorption coefficient ∼ 1/(wavelength)AAC  
 Bulk Absorption Ångström Coefficient (AAC) >> 1 
Chakrabarty, R. K., H. Moosmüller, L.-W. A. Chen, K. Lewis, W. P. Arnott, C. 
Mazzoleni, M. Dubey, C. E. Wold, W. M. Hao, and S. M. Kreidenweis (2010).  
Brown Carbon in Tar Balls from Smoldering Biomass Combustion. Atm. Chem. 
Phys., 10, 6363-6370. .  
28 
Brown Carbon (BrC; Optically Defined) 
1. BrC is part of Organic Carbon (OC). 
2. Chemical compounds constituting BrC are largely 
unidentified (connection to HULIS, watersoluble?). 
3. Little is know about sources: biomass burning, 
especially smoldering combustion, secondary organic 
aerosol formation (primary and secondary?). 
4. Little is known about sinks (dry and/or wet 
deposition?) 
5. Little is known about atmospheric lifetimes 
Chakrabarty, R. K., H. Moosmüller, L.-W. A. Chen, K. Lewis, W. P. Arnott, C. Mazzoleni, M. 
Dubey, C. E. Wold, W. M. Hao, and S. M. Kreidenweis (2010).  Brown Carbon in Tar Balls from 
Smoldering Biomass Combustion. Atm. Chem. Phys., 10, 6363-6370. .  
Moosmüller, H., R. K. Chakrabarty, and W. P. Arnott (2009).  Aerosol Light Absorption and its 
Measurement: A Review.  J. Quant. Spectrosc. Radiat. Transfer, 110, 844-878.  
Andreae, M. O., and A. Gelencsér (2006). Black Carbon or Brown Carbon? The Nature of Light-




Aerosols from Solid Fuel Combustion: 
Flaming Followed by Smoldering Combustion 
Rice Straw 
Moosmüller, H., S. M. Kreidenweis, J. L. Collett Jr., W. M. Hao, and W. C. Malm (2007).  Characterization of 
Particle Emissions from Laboratory Combustion of Wildland Fuels.  Newsletter of the Integrated Land 
Ecosystem – Atmosphere Processes Study (iLEAPS), 4, 22-23.  
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Time-Resolved Optical Properties 












































Extinction (CED 532 nm)
Absorption (PA 532nm)
Albedo (532nm)
Chen, L.-W. A., H. Moosmüller, W. P. Arnott, J. C. Chow, J. G. Watson, R. A. Susott, R. E. Babbitt, C. E. Wold, E. N. 
Lincoln, and W. M. Hao (2006). “Particle Emissions from Laboratory Combustion of Wildland Fuels: In Situ Optical and 
Mass Measurements.” Geophys. Res. Lett. 33, doi:10.1029/2005GL024838. 
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High Temperature Low Temperature 




Dry, Fine Fuels Wet, Large Fuels 
Black Smoke (BC) White Smoke (OC, BrC) 
Low CO Emissions 
Minutes to Hours 
High CO Emissions 
Minutes to Months 
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Albedo in Wildfires 
Waterfall Fire (Near Carson City, NV; 14-July-2004) 
Low Albedo (similar to oil fire) 
High Albedo 
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Structural Properties of Particles from 
Biomass Combustion 
Large irregular shaped particles (KCl), tar balls, and fractal-like chain aggregates 
(soot) from the combustion of sagebrush  
Chakrabarty, R. K., H. Moosmüller, M. A. Garro, W. P. Arnott, J. W. Walker, R. A. Susott, R. E. Babbitt, C. E. Wold, E. 
N. Lincoln, and W. M. Hao (2006). “Emissions from the Laboratory Combustion of Wildland Fuels: Particle 
Morphology and Size.” J. Geophys. Res. 111, doi:10.1029/2005JD006659. 
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Particles from Flaming Combustion 
Soot particles from the flaming combustion of a) poplar wood, b) ponderosa pine wood, c) 
ponderosa pine needles, d) dambo grass, e) white pine needles, and f) sagebrush.  
 
Fractal Dimension Df = 1.8 
 
Fractal-like chain aggregates of EC monomers (30-50 nm) coated with OC 
Chakrabarty, R. K., H. Moosmüller, M. A. Garro, W. P. Arnott, J. W. Walker, R. A. Susott, R. E. Babbitt, C. E. Wold, E. N. 
Lincoln, and W. M. Hao (2006). “Emissions from the Laboratory Combustion of Wildland Fuels: Particle Morphology and 
Size.” J. Geophys. Res. 111, doi:10.1029/2005JD006659. 
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Particles from Smoldering Combustion 
Tar balls from the flaming combustion of 
Montana grass and tundra cores.  These tar 
balls occur as individual spherical particles 
(a) as well as in small (b) and large (c) 
clusters. 
Near-spherical OC particles (bimodal 130 & 500nm) 
 
 
Particle from the combustion of Montana grass 
showing structural defects sometimes found in 
spherical tar balls originating from the combustion of 
wet fuels 
Chakrabarty, R. K., H. Moosmüller, M. A. Garro, W. P. Arnott, J. W. Walker, R. A. Susott, R. E. Babbitt, C. E. Wold, E. N. 
Lincoln, and W. M. Hao (2006). “Emissions from the Laboratory Combustion of Wildland Fuels: Particle Morphology and 
Size.” J. Geophys. Res. 111, doi:10.1029/2005JD006659. 
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Research Needs 
1. Develop optical emission factors (emission of 
absorption/scattering cross-section per amount of 
fuel burned). 
2. Develop emission factors parameterized as function 
of fuel and combustion parameters. 
3. Quantify influence of morphology on radiative forcing. 
4. Identify chemical composition (functional groups?) of 
brown carbon. 
5. Characterize absorption spectrum of brown carbon. 
6. Identify sources, sinks, and atmospheric lifetime of 
brown carbon. 
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Mineral Dust Aerosols  
Al Asad (Western Iraq), 26-April-2005 
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Al Asad, Iraq 
Coastal Kuwait 
Dust Re-suspension: 
PM sampling and on-line optical measurements 
Dust Re-suspension 
 
PM2.5 Size Selective Inlets 
 
Photoacoustic Instrument 
with Scattering Sensor for 
SSA Measurement 
Raw Data Djibouti 
SSA Analysis (Djibouti) 
Results: SSA (Iron Content)  
Moosmüller, H., J. P. Engelbrecht, M. Skiba, G. Frey, R. K. Chakrabarty, and W. P. Arnott (2012).  
Single Scattering Albedo of Fine Mineral Dust Aerosols Controlled by Iron Concentration.   
J. Geophys. Res., 117, doi:10.1029/2011JD016909.  
Hematite Calibration Aerosols 
SSA (375 nm) = 1.004 - 1.63 HMF
R² = 0.982
SSA (405 nm) = 1.024 - 1.55 HMF
R² = 0.992
SSA (532 nm) = 0.998 - 0.45 HMF
R² = 0.986



































Single scattering albedo (SSA) as function of iron content at wavelengths of 375, 405, 532, and 870 nm for four 
five XRD calibration standards demonstrating and quantifying a strong linear correlation between the two with the 
exception of pure hematite at 375 and 405 nm. Note that the slope at 405 nm is approximately twice as large as 
for desert dust samples. 
Conclusions: 
For our samples SSA is a linear function of iron content 
1.Iron content can be determined from optical measurement. 
 Satellite (Glory Mission) measurement of iron content?  
2.SSA can be determined from chemical analysis for iron. 
Caution: 
Limited set of samples, mostly from Arabian Peninsula and 
North Africa; linear relationship breaks down for low SSA 
Future Work: 
1.Model SSA from complex refractive indices of minerals 
2.Obtain and analyze more samples from different locations 
3.Do in-situ measurements of dust SSA and composition after 
long-range transport 
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Mount Shasta, CA 
July, 2009 
Modification of Snow Albedo by Aerosol Deposition 
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Why Do We Care About Albedo? 
Local: Snow Albedo 
1. Snow albedo controls the energy balance of the snow surface 
and thereby timing of snowmelt, spring runoff, etc. 
2. Clean snow is quite white (what a surprise!) 
Mount Lassen, Lassen NP, CA 
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Clean Snow Albedo 
The albedo of clean snow is controlled by grain size 
Nolin, A. W., and J. Dozier (2000). A Hyperspectral Method for Remotely Sensing the Grain 
Size of Snow. Remote Sens. Environ., 74, 207-216.  
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Dirty Snow Albedo (1) 
The albedo of dirty snow is controlled by traces of light 
absorbing contaminants (e.g., mineral dust, black 
carbon, snow algae) 
Pictures: Courtesy of Jeff Dozier, UCSB 
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Dirty Snow Albedo (2) 
Spectral reflectance: Theory vs. Clean vs. Dirty 
Painter, T. H., B. Duval, W. H. Thomas, M. Mendez, S. Heintzelman, and J. Dozier (2001). 
Detection and Quantification of Snow Algae with an Airborne Imaging Spectrometer. Appl. 
Environ. Microbiol., 67, 5267-5272.  
Painter, T. H., A. P. Barrett, C. C. Landry, J. C. Neff, M. P. Cassidy, C. R. Lawrence, K. E. 
McBride, and G. L. Farmer (2007). Impact of Disturbed Desert Soils on Duration of Mountain 
Snow Cover. Geophys. Res. Lett., 34, doi:10.1029/2007GL030284.  
Brown Carbon? 
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Dirty Snow Albedo (3) 
Importance of dirty snow albedo (examples): 
Xu, B., J. Cao, J. Hansen, T. Yao, D. R. Joswia, N. Wang, G. Wu, M. Wang, H. Zhao, W. Yang, X. Liu, and J. 
He (2009). Black Soot and the Survival of Tibetan Glaciers. Proc. Natl. Acad. Sci. USA, 106, 22114-
22118. 
Steltzer, H., C. Landry, T. H. Painter, J. Anderson, and E. Ayres (2009). Biological Consequences of Earlier 
Snowmelt from Desert Dust Deposition in Alpine Landscapes. Proc. Natl. Acad. Sci. USA, 106, 11629-
11634. 
Strack, J. E., R. A. Pielke Sr., and G. E. Liston (2007). Arctic Tundra Shrub Invasion and Soot Deposition: 
Consequences for Spring Snowmelt and Near-Surface Air Temperatures. J. Geophys. Res., 112, 
doi:10.1029/2006JG000297. 
Painter, T. H., A. P. Barrett, C. C. Landry, J. C. Neff, M. P. Cassidy, C. R. Lawrence, K. E. McBride, and G. L. 
Farmer (2007). Impact of Disturbed Desert Soils on Duration of Mountain Snow Cover. Geophys. Res. 
Lett., 34, doi:10.1029/2007GL030284. 
McConnell, J. R., R. Edwards, G. L. Kok, M. G. Flanner, C. S. Zender, E. S. Saltzman, J. R. Banta, D. R. 
Pasteris, M. M. Carter, and J. D. W. Kahl (2007). 20th-Century Industrial Black Carbon Emissions Altered 
Arctic Climate Forcing. Science, 317, 1381-1384. 
Flanner, M. G., C. S. Zender, J. T. Randerson, and P. J. Rasch (2007). Present-Day Climate Forcing and 
Response from Black Carbon in Snow. J. Geophys. Res., 112, doi:10.1029/2006JD008003. 
Flanner, M. G., and C. S. Zender (2005). Snowpack Radiative Heating: Influence on Tibetan Plateau 
Climate. Geophys. Res. Lett., 32, doi:10.1029/2004GL022076. 
Hansen, J., and L. Nazarenko (2004). Soot Climate Forcing via Snow and Ice Albedos. Proc. Natl. Acad. 
Sci. USA, 101, 423-428.  
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Dirty Snow Albedo (4) 
Categories of previous work: 
1. Radiative transfer theory for snow 
2. Field measurements of snow albedo ( sometimes including 
spectral and angular properties) 
3. Chemical analysis of snow layers (EC/OC, elements, ions, 
etc.) 
4. Source apportionment, back trajectories, etc. 
 
What is still missing: 
1. Measurement of snow albedo with high temporal and spatial 
resolution 
2. Connection between aerosol and snow optical properties 
3. Aerosol deposition mechanisms in snowpack 
4. Fate of aerosols and their physical and chemical properties in 
snow 
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Dirty Snow Albedo (5) 
Research Topics: 
1. Measurement of snow albedo with high temporal and spatial 
resolution.  
2. What is the “clean” albedo of snow? 
3. Does it agree with theory? (Why not?) 
4. How do enhanced aerosol concentrations influence snow 
albedo? 
5. What temporal (diurnal to seasonal) changes of snow albedo 
occur? 
6. What is the spatial and temporal variability of these changes in 
snow albedo? 
7. How important is snow albedo for the timing and size of 
snowmelt and spring runoff? 
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Dirty Snow Albedo (6) 
The key is to develop a method to measure snow albedo 
with high temporal, spatial, and spectral resolution 
 
• Current methods measure down and up-dwelling solar and sky radiation.  
They rely on: 
1. Reproducible illumination conditions (sun angle, sky conditions, no 
shadows) 
2. Horizontal, uniform snow surface 
This makes measurements with high temporal and spatial resolution impossible 
 
• We are planning on developing an integrating sphere-based instrument 
using artificial illumination to measure diffuse-direct and diffuse-diffuse 
snow albedos with 1 minute temporal, ~2” spatial, and high spectral 
resolution (trying for NSF MRI support) 
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THANK YOU FOR  
YOUR ATTENTION! 
Mount Shasta, CA 
July, 2009 
DO YOU HAVE ANY QUESTIONS? 
